Electrocardiographic patterns typical of hypopotassemia and compatible with hypopotassemia were defined on the basis of the number of electrocardiographic signs of hypopotassemia present in 2 leads (generally leads II and V3). In 50 hypopotassemic patients a good correlation was found between the electrocardiographic pattern and plasma potassium concentration. Appearance of the electrocardiographic signs of hypopotassemia was not prevented by disturbance of other plasma electrolytes or by blood pH.
Electrocardiographic patterns typical of hypopotassemia and compatible with hypopotassemia were defined on the basis of the number of electrocardiographic signs of hypopotassemia present in 2 leads (generally leads II and V3). In 50 hypopotassemic patients a good correlation was found between the electrocardiographic pattern and plasma potassium concentration. Appearance of the electrocardiographic signs of hypopotassemia was not prevented by disturbance of other plasma electrolytes or by blood pH.
LLECTROCARDIOGRAMS of patients
with low concentrations of extracellular potassium frequently show characteristic abnormalities that disappear after administration of potassium salts.1' 2 Regression of the electrocardiographic pattern of hypopotassemia during administration of potassium is characterized by a gradual increase of T-wave amplitude, decrease of U-wave amplitude, and diminution of S-T segment depression in the standard limb and precordial leads without any change in Q-T or other components of the Q-U interval.' This sequence of regression suggests that the converse, the evolution of the hypopotassemia pattern, consists of a progressive decrease of T-wave amplitude, increase of U-wave amplitude, and S-T segment depression in the standard limb and precordial leads. Accordingly, a schematic construction of 5 patterns, representing 5 stages in the evolution of the electrocardiogram in hypopotassemia, has been made. ' At that time no attempt was made to analyze the electrocardiographic signs of hypopotassemia in a quantitative manner or to correlate these signs with the concentrations of extracellular potassium.
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During the past fewl years we have gained an impression that in a majority of patients with hypopotassemia, electrocardiograms can be correlated with the concentration of extracellular potassium. However, since others3-7 have failed to find a correlation between the electrocardiogram and serum potassium level, it was thought that a new investigation might be helpful. We made an attempt to develop quantitative criteria for objective evaluation of the electrocardiographic changes ill these patients. We also considered certain factors other than the potassium concentration that, may influence the electrocardiogram of patients with hypopotassemia.
This paper presents the results of the correlation between the electrocardiogram and plasma potassium level in 50 patients with hypopotassemia.
METHODS ANXI) MATERIAL
Fifty adult patients with plasma potassium levels below 3.5 mEq./L. were selected for the study. 1)escription of patients whose electrocardiograms wve studied is presented in a separate communication,8 which also contains the methods and results of the plasma electrolyte studies. Patients were subdivided into 3 groups on the basis of plasma potassium concentration: group A consisted of 17 patients whose plasma potassium concentrations were between 2.0 and 2.7 mEq./L., group more. These 3 signs will be designated as positive signs of hypopotassemia. Since an analysis of 2 leads was made in each instance, a given electrocardiogram could contain a maximum of 6 positive signs. All electrocardiograms were grouped with regard to the number of positive signs of hypopotassemia that they contained.
Representative electrocardiograms in each c(ategory are illustrated in figures 1 to 7.
The 2-lead electrocardiograms of each patient were submitted for inspection to several experienced observers who were asked to separate the tracings into 3 groups: electrocardiograms typical of hypopotassemia, compatible with hypopotassemia, and nondiagnostic of hypopotassemia. It was found that electroc(ardiograms designated as typical of hypopotassemia usually showed at least 3 positive signs, while the electrocardiograms designated as compatible usually showed 1 or 2 positive signs. Thus, we defined a tracing typical of hypopotassemia as an electrocardiogram containing 3 Rates. The electrocardiographic patterns typical of or compatible with hypopotassemia occur less commonly when the heart rate is rapid. Thus, the only nondiagnostic electrocardio-
grams in groups A and B appeared in patients with rapid heart rates. On the other hand, the only electrocardiograms typical of or compatible with hypopotassemia in group C occurred in the group of patients with the slowest heart rate. Electrocardiograms typical of hypopotassemia occurred in 
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Correlation of Individual Positive Signs and Plasma Potassium Level. Correlations between S-T, T, and IU-wave abnormalities and the plasma potassium were possible in the 27 patients whose electrocardiogram became normal when the plasma potassium rose to normal.
1. S-T segment. Depression of the S-T segment of 0.5 mm. or more was present in 9 of the 27 patients. The plasma potassium level in these 9 patients ranged from 2.0 to 2.83 mEq./L. The electrocardiograms of these patients were characterized by a poor definition of the T wave in the lead with the depressed S-T segment. The T wave was considered in all these cases as a diphasic, negative-positive wave, and the positive component was usually of low amplitude. The electrocardiographic patterns were considered as typical of hypopotassemia in 8 out of 9 patients with S-T depression. It was concluded that depression of the S-T segment caused by hypopotassemia is a sign of an advanced hypopotassemia.
2. T wave. The T wave was positive and its amplitude could be determined in the precordial lead in all 27 patients. In 12 patients the amplitude of the T wave was 1 mm. or less, in 8 patients it ranged from 1.5 to 3.0 mm., and in 7 from 4.0 to 8.5 mm. The group of patients with the highest T waves and the group of patients with the medium-sized T waves had similar plasma potassium conicenitrations (2.95 and 3.01 mflq./L.).
The group of patients with the lowest T waves had lower average (2.63 mE(q./L.) and lower range of plasma potassium concentrations than the other 2 groups. It was concluded that there was no direct correlation between the amplitude of the T wave and plasma potassium level until the amplitude of the T wave fell below 1 mm. in the precordial lead with the highest U wave. However, T-wave amplitude below 1 mm. was usually found in patients with lowest plasma potassium levels and typical electrocardiographic patterns of hypopotassemia.
3. Ratio of the U"-wave amplitude to the T-wave amplitude. The analysis was limited to the U/T ratio in the precordial lead. The IU/T ratio was less than 0.5 in 8 patients, between 0.5 and 1.0 in 6 patients, and more than 1.0 in 9 patients. The groups of patients with the smallest and the medium ratios had similar plasma potassium concentrations (2.94 and 3.05 mEq./L.). The group with the highest U/T ratios had a lower range and a lower average (2.52 mEq./L.) potassium concentration than the other 2. All electrocardiograms in this group were considered to be typical of hypopotassemia. It was concluded that there was no direct correlation between plasma potassium level and U/T ratio in the precordial lead with the highest U wave until this ratio exceeded 1. However, the U/T ratio of more than 1 usually occurred in patients with lowest plasma potassium levels.
7ELECTROCAR1))IOGRA1'HIC PATTERN )F HYP)1POTASSE2MA
Duration of the Q-aT, Q-T, and Q-aUJ Interial. The present study afforded us an opportunity to check the validity of the results of previous study of this subject.1 The details of measurements will not be repeated and only the e(ssenc(e of the results will be presented.
(Q-aT, Q-T, and Q-aU intervals in the electrocardiogramis of 42 patients were measured and expressed as a percentage of the normal expect ed value.j'' Electrocardiograms of 8 patients ith heart rates faster than 110 per minute were excluded because no normal v-alues for such heart rates were available to us.
The Q-alT interval was within ±410 cardiographic evidence of heart disease of the type often associated with Q-T prolongation.
It was concluded that prolongation of the Q-aT and Q-T intervals, defined according to previously described criteria 9 "' 1was related to hypocalcemia but not to hypopotassemia.
Effect of Intratenous Potassium Administration in 42 Patients. The amplitude of the P' weave decreased in 7, inereased in 1, and remained unchanged in the remaining patients. The duration of P-It interval shortened from 0.01 to 0.02 second in 3 patients and remained unchanged in all others. The QUS voltage decreased in 36 and remained unchanged in (6 patients. The amplitude of the T wave increased ini 32, remained unchanged in 6, and decreased in 3 patients. The latter 3 patients had inverted T waves. The apex of T wave could not be defined in 1 3 out of 50 patients with hypopotassemia for one or more of the following reasons: isoelectric T wave, diphasic T wave in all leads, or T wave merged with the U \x'ave. After potassium administration the apex of the T wave could be defined in all but 1 patient. The amplitude of the U wave remained unchanged in 4 and decreased in the remaining patients. The duration of the Q-aT, Q-T, and Q-aU intervals, corrected for sex and heart rate, remained essentially unchanged in all patients in whom measurements could be done before and after administration of potassium. The heart rate remained unchanged in 22, slightly decreased in 9, and slightly increased in 11 patients.
Ectopic beats were present iii l patients with plasma potassium levels ranging from 2.0 to 3.35 mEq./ . There was no relation between the presence of ectopic beats and plasma potassium concentration. The ectopic beats were supraventricular in 9, ventricular in 3, and both supraventricular and ventricular in 1 patient. After intravenous administration of potassium chloride supraventricular ectopic beats; disappeared in 5, decreased in 1, underwent no change in 3, and increased in 1 patient SURAWICZ, BRAUN, CRUAI, KEMP1, WAGNER, AND) BIILLET
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The ventricular ectopic beats decreased in 2, underwent no change iu 1, and iucreased in 1 patient. Special features of ectopic beats occurring in hypopotassemia are described ill a separate study.'3
DISCUSSION
The electrocardiographic pattern of hypopotassemia can be defined with accuracy by the use of certain quantitative criteria. These are related to the U-wave amplitude, the relation between U and T amplitude, and to S-T segment displacement. Our preliminary observations indicate that this typical electrocardiographic pattern of hypopotassemia is fairly specific and that the only known clinical situation in which such an electrocardiographic pattern frequently appears in patients with normal plasma potassium is a combined effect of digitalis and quinidine.'
In our subjects there was a good correlation between the number of electrocardiographic signs of hypopotassemia and the plasma potassium concentration. A similar degree of lowering of an initially tall T wefill not greatly disturb the T/U ratio and may go unnoticed ( fig. 7C ). The normal T wave apparently was tall and peaked and the electrocardiogram showed no sign of hypopotassemia when the plasma potassium level was 3.0 mEq. L.
Our findings confirm the general experience that electrocardiographic changes diagnostic of hypopotassemia appear only with seriously low potassium levels,'7 and that T-wae lowering occurs regularly only with potassium levels below 3.0 mEq./ .'1 However, our observations are in contrast to those of other workers who describe a poor correlation between the electrocardiographic pattern and the severity of the hypopotassemia.3-7 Two factors may account for this disagreement: the small number of patients with potassium conicenitration below 2.7 mEqT./L. observed by these investigators, and the different methods of electrocardiographic evaluation. ' The cause of the electrocardiographic findings ill hypopotassemia is uncertain. Dependence oil the plasma potassium concentration is suggested by the rapidity of development of electrocardiographic abnormalities following perfusion of the isolated heart with potassiumfree fluid.'9 and the acute removal of potassium by hemodialysis in dogs. 20 We have observed a similar rapidity during glucose iiifusions in normal subjects and in patients with diabetic acidosis.2' However, it has been postulated that the electrocardiographic findings in hypopotassemia are due to a change in ratio of intracellular to extracellular potassium.'' 22 If this is true, the results of our study may simply indicate that the change of ratio ill the myocardium is determined largely by a change in the extracellular potassium concentration. This appears probable because of the large change ill ratio produced by a small change ill extracellular potassium concentration. For instance, a change of plasma potassium concentration from 4.0 to 2.0 mEq./L. corresponds to a decrease of 50 per cent. Such decreases ill the content of cellular myocardial potassium have not been reported to our knowledge. It figure 2A4 , and has been found by others.27-29
The effect of blood pH on intracellular myocardial potassium is iot known, but in striated muscle intracellular potassium content was similar in patients with acidosis and alkalosis.Y0 Abrams, Lewis, and Bellet3' found that electrocardiographic changes occurring in acidotic and alkalotic dogs could be correlated with changes in extracellular potassium con-(euitrationi. Of the several features that may obscure the typical electrocardiographic signs of hypopotassenmia, tachycardia was the most common in our patients. However, even when the R-R interval is short, the presence of a tall U wave frequently can be suspected when the P wave is abnormally tall and tilted, e.g., figures 1, 2, (ib, and (6c of reference 1 and figure 2 to 5 of reference 33. In these cases, similar to the cases presented in this study, administration of potassium caused an apparent, lowering and leveling of the P wave. However, it must be stated that the tilted appearance of the P wave occurs not only when P' is merged with U, but also when the P wave is merged with the T wave. Thus, we have observed tilted P waves in patients without hypopotassemia in several cases with a prolonged P-R interval, supravenitricular premature beats, and some other situations in which the P wave was merged with the T wave.
In our experience a false electrocardiographic diagnosis of hypopotassemia has not been common. Depression of the S-T segment, when not accompanied by other electrocardiographic signs of hypopotassemia should not lead to a suspicion of this electrolyte disturbance. In agreement with other workers,20 our findings indicate that S-T depression is a sign of advanced hypopotassemia, always accompanied by increase inll -wave amplitude. Tall U waves but no similarity to the electrocardiogram of a (log with hvpopotassemia and no alkalosis, illustrated in their figure 3 . An inspection of figures 1 to 3 of this paper permits a different interpretation of the illustrated electrocardiograms from that offered by the authors. The electrocardiogram of a dog with hypopotassemia and alkalosis in their figure 1 shows an elevated P wave that has an onset situated farther from the base line than the end, and thus is very similar too the tilted P wave observed by us in patients with hvpopotassemia and tachvcardia. The S-T segmenit is depressed and the T wave has a rounded appearance. The electrocardiogram of a dog with alkalosis but no hypopotassemia, in their figure 2, shows a smaller amplitude of the P wave, the P wave does not have the tilted appearance, the S-T segment is not depressed, and the T wave has not a rounded, but a peaked appearance when serum potassium is 5.0 mEq./L. Accordingly, we Since an uncomplicated left ventricular hypertrophy and "strain" pattern usually shows an S-T elevation in the leads with tall T and U waves (leads V1b3), the finding of S-T depression in these leads becomes a useful diagnostic sign of hypopotassemia.
We found no changes of configuration or amplitude of the P waves or QRS complexes that could be attributed to hypopotassemia. However, following the administration of potassium, there was a fairly constant decrease in QRS amplitude and a frequent decrease of '-vavre amplitude.
Since excessive potassium is known to decrease the action potential of the myocardial fiber,34 hypopotassemiia might be expected to cause increased QRtS and P amplitude. However, fie have not considered the lowering of amplitude as a specific potassium effect because we have repeatedly observed a decrease of QRS and 1' wave amplitude similar to that occurring during infusion of potassium chloride also during infusion of saline.35
In our subjects, the incidence of arrhythmia was not correlated with the degree of hypopotassemia. However, many of our patients had, in addition to hypopotassemia, either heart disease or other conditions known to be associated with cardiac arrhythmias. Lepeschkin per cent of the tracings were either nondiagnostic of or merely compatible with hypopotassemia. In 4 subjects, (6 signs were present in the 2 electrocardiographic leads; each of these patients was in the group with the lowest potassium level.
Appearance of the electrocardiographic signs of hypopotassemia was not prevented by disturbances of concentration of other plasma electrolytes or by blood pH. Hypocalcemia and the resultant lengthening of the Q-T interval occasionally caused difficulty because of merging of the T wave with the U wave. Hypopotassemia alone did not influence the Q-aT, Q-T, or Q-aU intervals. ELECTROCARD 
